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A Transition Model of Pentose Phosphate Metabolism During the 
Differentiation of the Slime Mold Dictyostelium discoideum.
Director: Barbara E. Wright
Computer models are used to study complex metabolic systems in 
order to simplify and organize the mass of available data, and to 
further our understanding of the dynamics of the system in vivo. In 
Dictyostelium, carbohydrates in the form of stored glycogen and RNA are 
converted to cellulose for the construction of the spore and stalk cell 
walls. The pentose phosphate pathway plays a key role in the conversion 
of RNA reserves to glucose-6-phosphate which is used in the synthesis of 
cellulose, therefore it was chosen for this study.
In this study, the model was constructed using a metabolic map of 
the pathway. data on enzyme constants form other sources. and 
concentration data obtained in the course of this study. The computer 
model was created using a general purpose metabolic simulation program, 
called METASIM, written by D. Parks and B.E. Wright (1974). The program 
calculates the changes in the concentrations of metabolites over time 
and prints out interval tables of concentrations and enzyme reaction 
rates, and graphs of the concentration of each metabolite over time.
Concentration data were obtained for glucose-6-phosphate, 
fructose-6-phosphate, erythrose-4-phosphate and ribulose-5-phosphate 
under "normal" and "glucose-perturbed" conditions. These data and 
concentration data from Thomas (1979) were used for comparison with the 
model output to judge the accuracy of the simulation. Enzyme maximum 
rates (V̂ ,) were adjusted until the model conformed reasonably closely 
with the data.
Both the data and the model show a rise in the concentration of 
pentose phosphate intermediates as the amoebae aggregate and the 
pseudoplasmodium forms. During culmination there is an abrupt drop in 
intermediates with the concomitant increase in end products (cellulose, 
trehalose and cell wall polysaccharides.) The model under perturbed 
conditions matched the increase in concentrations of those intermediates 
which are affected by the addition of glucose to the incubation medium.
This model is only a first approximation to pentose metabolism in 
Dictyostelium and needs to be further refined by the addition of more 
data and new simulations.
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Chapter 1
INTRODUCTION AND LITERATURE REVIEW
The cellular slime mold, Dictyostelium discoideum, has become one 
of the more useful paradigms of cellular differentiation. Dictyostelium 
has a life cycle in which growth and differentiation are separate. This 
separation creates a closed system for the process of differentiation, 
which enables biochemists to follow the metabolic fate of particular 
compounds and investigate the dynamic activity of the metabolic pathways 
that are directly concerned with differentiation. The biochemical 
approach to the study of differentiation in this organism requires a 
systems analysis of its changing metabolic status; a dynamic approach 
that takes into account relationships between and among the various 
metabolic pathways (Wright, 1973).
The major manifestations of differentiation in Dictyostelium are 
the structural and biochemical changes that take place during the 
transition from "naked" amoebae to cellulose-coated ellipsoid spores and 
vacuolated stalk cells. These changes include metabolic shifts in which 
cellular proteins become the main energy source and storage 
carbohydrates are recycled to make new end products (White and Sussman, 
1961). Changes occur at the cell surface that enable the amoebae to 
respond to chemical signals secreted by other amoebae, and to adhere to 
each other ((Serisch, 1977, Gerisch and Malchow, 1976, Bonner et al 1973) 
and there are also changes in the rate and specificity of mRNA 
transcription (Lodish, 1977).
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Figure 1
LIFE CYCLE OF DICTYOSTELIUM DISCOIDEUM
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Life cycle of Dictyostelium discoideum
Individual amoebae grow and divide as long as an appropriate 
source of food is available (Figure 1) . When the food source is 
depleted and the amoebae begin to starve, they aggregate and undergo 
differentiation to form a fruiting body, also referred to as a sorocarp. 
The sorocarp consists of two cell types: the spores and the stalk cells. 
The spores are resting bodies, in which the amoeboid cell forms a 
cellulosic cell wall and undergoes metabolic changes that enable it to 
germinate at some later time. The stalk cells undergo differentiation 
in which they become highly vacuolated and enlarged, and they also lay 
down a cellulosic cell wall. These cells do not later germinate but die 
when differentiation is complete (for a review, see Loomis,1975). The 
relative simplicity of this system and its amenability to genetic and 
biochemical analyses have led to the accumulation of a wealth of data 
and information on various aspects of metabolism and differentiation.
When the amoebae begin to starve, aggregation is initiated by 
individuals which secrete cyclic adenosine monophosphate (cAMP). When 
other cells become competent to respond to cAMP, they begin to migrate 
toward the sources of cAMP. Centers of aggregation form around the 
first cells to become competent to respond to cAMP (Bonner et al, 1969, 
Shaffer, 1975) . The tip of the growing aggregate is raised off of the 
substrate, forming a finger-like projection. It then falls over into a 
horizontal position and may enter the migratory phase as a 
pseudoplasmodium, or "slug". At this stage, there can be identified 
two presumptive cell types, distinguished by reaction to vital dyes. 
The first cells to enter the aggregate constitute the anterior portion 
of the slug, and will eventually form the stalk of the sorocarp. The
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remaining cells form the posterior four-fifths of the slug, and will
eventually form spores. The slug migrates in response to light and
temperature (Bonner et al, 1950, Râper, 1940b).
A "slime sheath" is deposited around the cells, consisting of 
cellulose and other polysaccharide materials such as N-acetyl- 
glucosamine, mannose and xylose (Freeze and Loomis, 1978). As the slug 
migrates, the slime sheath is deposited continuously along the length of 
the slug, and is left behind as a collapsed tube (Francis, 1962). Upon 
cessation of migration and initiation of the culmination stage, the slug 
rounds up and the formerly anterior cells occupy a position on top of 
the mass, resembling a peaked cap. These cells begin to deposit 
cellulose in a ring, which is pushed down through the cell mass (Raper 
and Fennel, 1952).
Prestalk cells enter this tube of cellulose, and are enlarged as 
they undergo vacuolization. They deposit cell wall material until their 
cellular reserves of protein and carbohydrate are depleted, and then 
die. The enlargement of the stalk cells raises the spore mass off of
the substrate. During the process of stalk formation, the spores
also begin to differentiate. The spore cells begin to make trehalose 
and to lay down cell walls made up of cellulose, and other 
polysaccharides, using as precursor material glycogen and RNA. The 
sorocarp continues to elongate until all of the cells have entered the 
stalk, or have differentiated into spore cells (Rutherford, 1976). The 
entire process takes approximately 24 hours at 23 centigrade from the 
time of food source depletion.
Spore and stalk cells undergo separate differentiation processes, 
both in time and in the rate and character of the metabolic shifts. In 
both types of cells there is an increase in glycogen from aggregation to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
culmination. During culmination, there is a rapid breakdown and
conversion of glycogen to cellulose and other mucopolysaccharide end 
products (Rosness and Wright, 1974, Rutherford, 1976). This rapid 
conversion takes place in the stalk over a period of approximately two 
hours. After the stalk has almost completed its extension, the prespore 
cells also begin to differentiate. The rapid breakdown of accumulated 
glycogen, and conversion to cell wall material is not accompanied by 
vacuolization (as it is in the stalk cells) , and the cells do not 
deplete their resources. Instead, they go into a "resting" phase, ready 
for germination after dispersal. Both types of cells manufacture 
trehalose, but the stalk cells contain an active trehalase, which 
prevents trehalose from accumulating (Wright, 1983).
Rationale
The changes that occur in carbohydrate metabolism are defined as 
the primary system of differentiation in this organism by Wright and co­
workers (Gustafson and Wright, 1972). Thus, they have chosen to 
construct dynamic models of carbohydrate and energy metabolism, for the 
purpose of clarifying the regulatory behavior of these pathways, and 
elucidating the rate-limiting events or critical variables in 
differentiation in this system (Wright and Kelly, 1981, Gustafson and 
Wright, 1972). It has been found that the metabolic shifts that take 
place are, in general, controlled by factors other than the rate of 
synthesis of new enzymes (Gustafson and Wright, 1972). The net rate of 
enzyme-catalyzed reactions is a complex combination of many factors, 
which certainly include the rates of enzyme synthesis and degradation, 
but other factors may be of more importance (Wright, 1984). The 
overall rate of reaction is determined by local active enzyme
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
concentration, the presence and concentration of activators or 
inhibitors, and the presence and concentration of available substrate, 
since many metabolites occur in vivo in concentrations at or below the 
Michaelis-Menton constant {KJ of the enzyme. Representative enzymes, 
their values and in vivo concentrations are given in Table 1. In 
general, measured in vivo concentrations in Dictyostelium are lower than 
the K, values. Actual local concentrations may be higher or lower, 
depending on internal compartmentalization.
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Table 1
COMPARISON OF K„ AND SUBSTRATE CONCENTRATION"
Enzyme^ Substrate _ F.V Concentration*
G6P Phosphatase G6P 2.5 mM 0.088 mM
Phosphoglucose
isomerase
G6P 2.0 mM 0.088 mM
6PG dehydrogenase 6PG 0.029 mM 0.008 irM
R5P isomerase R5P 2.5 mM 0.012 mM
Transketolase R5P 0.40 mM 0.012 mM
Xu5P 0.21 mM 0.006 mM
F6P 1.8 mM 0.030 mM
Transaldolase F6P 0.80 mM 0.030 mM
" Substrate concentration at aggregation.
* Abbreviations used: G6P» glucose-6-phosphate,
F6P= fructose-6-phosphate, R5P= ribose-5-phosphate,
6PG= 6-phosphogluconate, E4P= erythrose-4-phosphate,
Ru5P* ribulose-5-phosphate, Xu5P = xylulose 5-phosphate,
S7P = sedoheptulose-7-phosphate, G3P* glyceraldehyde-3-phosphate, DHAP= 
dihydroxyacetone phosphate, F1,6P* fructose 1,6-diphosphate.
’ see Table 2 for references for K, values
* Thomas, 1979
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Carbohydrate Metabolism
The separation of growth and differentiation in this organism 
means that differentiation is dependent on endogenous reserves for both 
energy production and the accumulation of new end products. The total 
amount of carbohydrate present in the aggregate remains relatively 
constant throughout the entire process (Rosness and Wright, 1974). At 
aggregation the majority of carbohydrate is in the form of glycogen and 
ribose (as RNA) (Wright et al, 1977) . In the sorocarp there is very 
little glycogen in either cell type and a reduced amount of RNA, as both 
are degraded during the process of differentiation (Rosness and Wright, 
1974, Walsh and Wright, 1978) . There is also a net degradation of 
protein during differentiation, which is consistent with the rate of 
oxygen consultation and the release of NHj (Kelly et al, 1979) , Thus, 
protein is used for the production of energy (ATP, NADH etc.) and 
carbohydrate is cycled through glycogen for the synthesis of new end 
products and cell wall materials (Wright and Kelly, 1981).
The model for carbohydrate metabolism by Wright is shown in Figure 
2. This model takes into account the different pools of carbohydrate 
materials in the spore and stalk cells. It shows a flow of carbon into 
and out of the glycogen pools toward end products.
It has been noted by Wright and others that there is a rise and 
then an abrupt drop in the concentration of such intermediates as UDPG 
at culmination, reflecting the build-up of precursor pools followed by 
the rapid synthesis of end product carbohydrates (Wright et al, 1968). 
Thomas's study (Thomas, 1979) showed that there is a similar trend in 
the pentose phosphate intermediates; there is a gradual rise in 
concentration from aggregation to culmination, and then a drop in 
concentration during sorocarp construction.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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METABOLIC MAP OF WRIGHT'S CARBOHYDRATE MODEL
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Pentose Phosphate Metabolism
The pentose phosphate cycle (hexose monophosphate shunt) is
comprised of two branch pathways: an oxidative branch in which
successive dehydrogenation reactions catalyze the formation of reduced 
nicotinamide dinucleotide phosphate coenzyme (NADPH) and the release of 
CO; from 6-phosphogluconate (6PG), and a non-oxidative branch which 
cycles carbon through 3,4,5,6, and 7-carbon intermediates (see Figure 
3) . The oxidative portion of the pathway is essentially irreversible, 
releasing COj when forming ribulose 5-phosphate (RuSP). The non- 
oxidative branch is freely reversible in most enzymatic reactions, 
making this branch useful in a number of regulatory and synthetic 
capacities. The non-oxidative branch synthesizes 3-carbon compounds 
which can be used in the TCA cycle, a 4-carbon compound which is also
used in tryptophan synthesis, 5-carbon compounds which are used in RNA
synthesis, and 6-carbon hexoses, which may either be cycled into the 
oxidative branch to form more NADPH, or become available for glycolysis 
or other synthetic pathways, such as those producing cellulose (for a 
review, see Wood, 1986).
The enzymes of the oxidative branch, glucose 6-phosphate 
dehydrogenase (EC 1.1.1.49) and 6-phosphogluconate dehydrogenase 
(EC 1.1.1.44) catalyze the conversion of glucose 6-phosphate (G6P) to 
ribulose 5-phosphate (Ru5P) via 6-phosphogluconate (6PG) and the release 
of CO;. Two moles of NADPH are formed for each mole of G6P oxidized. 
The essentially irreversible nature of this reaction sequence makes it 
important in the regulation of hexose utilization by the pentose 
phosphate pathway. The rates of these reactions depend on the 
availability of NADP*, as well as the availability of G6P.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 3
PENTOSE PHOSPHATE PATHWAY
3-P-Glyc*rat* Glycerald*hyd*-3-P Erythfo##-4-P
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2Ribulosd~5-P 6-P—Gluconate
Oxidative and non-oxidative reactions of the pentose phosphate 
pathway. The enzymes involved in these reactions are: (1) glucose-6-
phosphate dehydrogenase; (2) 6-phosphogluconate dehydrogenase; (3) 
phosphoglucose isomerase; (4) ribose-5-phosphate isomerase; (5) 
.ribulose-5-phosphate epimerase; (6) transketolase; (7) transaldolase.
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The enzyme mechanism for G6P dehydrogenase is ordered bi-bi, in 
which the carbohydrate binds to the enzyme first, then the coenzyme, 
followed by the release of the reduced coenzyme and finally the new 
carbohydrate product is released (Barman, 1974). The enzyme mechanism 
for 6PG dehydrogenase is an ordered bi-bi reaction. This is different 
from G6P dehydrogenase in that CO; is released just prior to the release 
of ribulose 5-phosphate, making the reaction virtually irreversible.
G6P and F6P are interconverted by phosphoglucose isomerase, 
through a simple uni-uni mechanism.
The non-oxidative reactions shuffle carbons among various
intermediates. The enzymes transaldolase (EC 2.2.1.2) and transketolase 
(EC 2.2.1.1) transfer two carbon or three carbon intermediates in a 
ping-pong bi-bi mechanism (Venkataraman and Packer, 1961a, 1961b).
Transaldolase catalyses the transfer of a three carbon intermediate 
(dihydroxyacetone) from sedoheptulose 7-phosphate (S7P) to its acceptor 
molecule glyceraldehyde 3-phosphate (G3P), releasing erythrose 4-
phosphate (E4P) and forming fructose 6-phosphate (F6P) (Tchola and 
Horecker, 1966). Transketolase catalyses the transfer of glycolaldéhyde 
from a 5,6, or 7-carbon donor to a 3,4,or 5-carbon acceptor as 
diagrammed in Figure 4 (Datta and Packer, 1961). Ribose-5-phosphate 
isomerase catalyzes the interconversion of R5P and Ru5P, and Xylulose-5- 
phosphate epimerase catalyzes the interconversion of Ru5P and Xu5P. 
Both of these enzymes have simple uni-uni mechanisms (Barman, 1969).
Triose phosphate isomerase, aldolase, and fructose 1,6-
diphosphatase function in this pathway to salvage the carbons channelled 
into G3P by transaldolase and transketolase, thus making all the carbons 
present in G6P and R5P potentially available for NADPH formation, or 
recycling into other compounds (Wood, 1986).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 4
TRANSFER OF TWO AND THREE CARBON INTERMEDIATES
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Kinetic Models
The construction of kinetic models has proven an effective and
useful way to gain new understanding of metabolic pathways. Models 
organize data and can be used to test and predict the behavior of a 
system, to help plan and clarify experiments and to help elucidate
relationships that may not be intuitively apparent.
Modelling of biochemical systems has been approached in various 
ways. There are two basic types of systems to model: steady state
systems, in which the concentrations of metabolites and the rates of 
reactions remain constant over brief periods of time, and systems in
transition, in which the concentrations of pathway intermediates and 
reaction rates change over time. Examples of different types of
metabolic models are to be found all through the literature. They are
regularly used to elucidate the regulatory behavior of metabolic
pathways (some examples are to be found in Raugi et al, 1975, Achs and 
Garfinkel, 1977, Baquer et al, 1976), Some models employ mainframe 
computers, some use desk-top microprocessors and some employ hand-held 
programmable calculators.
A model of a biochemical system begins with a paper and pencil 
"map" of the pathway(s) which can be translated to a conç)uter program or 
algorithm for determining the rates of reactions, the activity of
enzymes, and substrate concentrations (Wright and Kelly, 1981),
A computer program called Metasim was written by David Park and 
Barbara Wright to simulate biochemical systems in transition. The 
mathematical basis for this program was presented in detail in a series 
of publications (Park, 1975, Park, 1975b, Park and Wright, 1973, Park 
and Wright, 1975, Wright and Park, 1974), The principle used to
simulate differentiation in a multicellular organism was reducing
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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metabolic networks to approximate the system in a simple manner, to 
minimize the number of variables and the total computer time to a 
reasonable level. Instead of modelling the fate of each cell and the 
intricacies of cell-cell variation, groups of cells are treated as a 
unit, and the model output represents the average behavior of the 
entire group of cells (Park and Wright, 1973). In Wright's original 
atterrç)ts to model carbohydrate metabolism, the organism was treated as a 
whole, without regard for the individual cell types. Later versions 
have treated spore cells alone, or spore and stalk cells in separate 
conç>artments, creating a better approximation to the actual behavior of 
the system (Wright, 1985). These versions have resulted in the "map" 
shown in Figure 2.
Study Objectives
The present study has as its goal the construction of a 
preliminary transition model of pentose phosphate metabolism during 
differentiation of Dictyostelium. This model consists of a metabolic 
map of the system, based on established reactions for Dictyostelium, and 
current information about the system in other, similar organisms where 
data for Dictyostelium is not available. Computer simulations of the 
system are run, approximating the in vivo data as closely as possible. 
An analysis of the regulatory behavior of the system is made by 
perturbing the system in vivo with excess glucose, and by perturbing the 
model in a parallel fashion, and comparing the model behavior to that 
of the in vivo system. The model is necessarily incomplete, as all the 
relevant data for Dictyostelium are not currently available. However, 
the model should represent a good first approximation of the system, and 
should simulate the behavior of the system and indicate directions for 
further study.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 2
MATERIALS AND METHODS
MATERIALS
All enzymes and cofactors were purchased from Sigma Chemical Co. 
All other chemicals were of reagent grade. Dictyostelium discoideum 
strain NC-4 was obtained from Barbara Wright. The program Metasim was 
obtained from B.E. Wright, and run on the dec2060 mainframe computer.
METHODS
Dictyostelium discoideum was grown with Escherichia coli on 2%
nutrient agar as described previously (Marshall et al, 1970). Cells 
were harvested after two days of incubation at 23 C, washed free of 
bacteria and plated onto 2% non-nutrient agar containing 0.1 mM 
potassium phosphate buffer, pH 6.5. The trays were then incubated at 23 
C for up to 24 hours. At the appropriate stage of development, the 
cells were scraped off of the agar and placed into either 5 mM MES
buffer, pH 6.5, or 50 mM glucose in 5 mM MES, pH 6.5, and incubated in
a shaking water bath at 23 C for 90 minutes. The cells were then 
collected by centrifugation at 2000 rpm in an I EC centrifuge. Sanples 
were removed for dry weight determination. The metabolites were 
extracted by the addition of an equal volume of 12% ice-cold perchloric 
acid (HClOj) . The samples were then centrifuged at 8000 rpm for 10
minutes in a Sorvall Ultraspeed centrifuge. The pellet was washed twice 
with ice-cold distilled water, and these washes were combined with the 
supernatant. The extract was neutralized to pH 7 with 4N KOH. The 
sample was allowed to remain on ice for 30 minutes, and the precipitate 
was palletized at 8000 rpm for 10 minutes.
16
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The supernatant was lyophilized and the dried extract brought to 2.0 or 
3.0 ml with distilled water.
The percentage recovery of metabolites was tested using standard 
solutions which were added to cell extracts, prepared by the method 
described above, and assayed- Recovery was calculated from the known 
amount of standard added, minus the amount of metabolite found in the 
extracts to which no standards had been added. Recovery of G6P, F6P, 
E4P and 6PG were all found to be above 94%,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 5
METABOLIC MAP OF PENTOSE PHOSPHATE USED IN MODEL
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Metabolite Assays
Metabolites were measured by standard procedures as found in 
Bergmeyer's Methods of Enzymatic Analysis (Bergmeyer, 1965). Glucose 6- 
phosphate and fructose 6-phosphate were assayed in the same reaction 
vessel, which contained in a total volume of 0.6 ml ; 0.02M tris-HCl
buffer, pH 8.1, 0.2mM NADP, 0.148 units glucose 6-phosphate
dehydrogenase. After completion of the first reaction, 0.23 units of 
phosphoglucose isomerase were added to assay F6P. The amount of G6P or 
F6P in the reaction was proportional to the increase in absorbance at 
340 nm due to the formation of NADPH. 6-phosphogluconate was assayed in 
a reaction mixture with a total volume 0.6 ml containing 0.2 M tricine- 
KOH buffer pH 7.6, 2.0 mM MgCl̂ , 4.0 mM NADP, and 3.0 units of 6-
phosphogluconic dehydrogenase. The amount of 6PG in the reaction
mixture was proportional to the increase in absorbance at 340 nm due to 
formation of NADPH. Erythrose 4-phosphate was assayed in a reaction 
mixture of final volume 0.6 ml, containing 0.25 mM glycylglycine buffer 
at pH 7.4, 0.21 mM NADH, 0.3 mM fructose 6-phosphate, 0.24/1.44 units 
glycerophosphate dehydrogenase/ triose phosphate isomerase and 0.18 
units transaldolase. The amount of E4P in the reaction mixture was 
proportional to the decrease in absorbance at 340 nm. All sample
concentrations were calculated on the basis of the original dry weight 
of sample, and normalized to millimoles per packed cell volume using the 
conversion factors as follows: 1 mg = 0.0076 milliliters at aggregation, 
1 mg = 0.0063 ml at pre-culmination, 1 mg * 0.058 ml at culmination and 
1 mg = 0.053 ml at sorocarp. These figures were calculated from data in 
Walsh and Wright, 1978, and M. Butler, personal communication.
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Model Construction
The model consists of a metabolic map, which diagrams the relevant 
reactions, the concentrations of substrates, the enzymes and enzyme 
mechanisms, the enzyme kinetic constants, and the overall flux into and 
out of the model. These data are then arranged into a computer file 
appropriate for use in the program Metasim. The program will accept up 
to 25 enzymatic reactions. The metabolic map (Figure 5) was constructed 
from a study of the available literature on the pentose phosphate 
pathway, and on the basis of the substrates identified for 
Dictyostelium.
The program uses the data file to set up 'pools' of substrates 
whose concentrations depend on the activity and reaction rates of all of 
the enzymatic reactions in which they are involved. The data file 
includes the reaction number, substrates, enzyme mechanism, substrate 
concentrations, and may include tables for timing of enzyme activation 
and substrate input. Enzyme maximum reaction rates (V, values) were 
determined empirically, by hand calculation, and through the use of the 
program itself—  they are adjusted until conç>uter output matches the 
data.
Parameters were obtained from a number of sources; there are not 
data available for all enzymes in Dictyostelium discoideum. An attempt 
was made to choose enzyme systems from taxonomically similar organisms, 
though it must be stated that the author made no assumptions on the 
degree of similarity of enzymes. Enzyme mechanisms were obtained from 
the literature and kinetic constants from Dictyostelium where available, 
and from other eucaryotic systems (notably Saccharomyces cerevisieae and 
Candida spp) where data for Dictyostelium were not available. Where no 
data were available at all, the constants were estimated from the
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behavior of similar enzymes. Table 2 gives a complete list of enzymes, 
mechanisms, constants and their sources.
The final version of the model was arrived at through successive 
stages. Initial models included reactions involving GIF, and became too 
cumbersome. The initial models did not include triose phosphate 
isomerase, aldolase and fructose 1,6-diphosphatase. It was found that 
these reactions were necessary to maintain flow to G6P; otherwise, there 
was a huge build-up of G3P. Triose phosphate isomerase also provides an 
important buffering system: without it the glyceraldehyde 3-phosphate
pool oscillates wildly. Aldolase and fructose 1,6-diphosphatase capture 
the excess triose phosphates for conversion to hexose phosphate.
Enzyme mechanisms used in the program include terms for forward 
(VI) and reverse (V2) maximum in vivo velocities. These velocities are 
used in place of the standard maximum velocities usually designated as 
Values for V^ are not used in the program, as they are obtained 
in vitro, and do not necessarily reflect the in vivo behavior of the 
enzyme. Instead, these terms (VI and V2) are defined as the forward and 
reverse maximum velocity in vivo (V,) and are calculated from known 
fluxes, enzyme mechanisms and metabolite concentrations (for a more 
complete explanation, see Wright, 1986). V, represents an apparent 
maximum velocity and implies nothing about intrinsic enzyme activity or 
amount or type of inhibition.
Simulations were run, and the model adjusted until a close match 
with the data was obtained. Model validity was determined from a 
comparison of the model output values at appropriate intervals to the 
corresponding data obtained at that stage of differentiation. The 
complexity of the model and the amount of output precluded any useful 
statistical treatment by tests of closeness of fit for each simulation.
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Table 2
ENZYME INPUT PARAMETERS FOR PENTOSE MODEL
RMctloa 1: Phosphoglueos*
reaction; G6P <--> F6P 
A <— > B
ENZYME MODEL
Kinetic constants
VI -1.0 
V2 = 1.0 
KA’ -2.0 
KEO* - 0.36
EM005 Uni-Uni 
Reference
Thomas, 1979 
Thomas, 1981
Source
Dictyostelium
RMctlon 2: Glucose 6-phoephete dehydrogeoMe
reaction G6P
A
+ NADP — > 6PG + NADPH 
+ B — > P + Q (Q— >0)
ENZYME MODEL; EM025 Dead-end competitive inhibition 
Kinetic constants Reference Source
VI = 0.009
KA - 0.042
KB’ =0.05 
KIP* - 0.010
Thomas '79 
Thomas '79 
Thomas '79
Dictyostelium
Seeetien 3: 6-Phespheglueonete dehydrogenase
reaction 6PG
A
+ NADP — > Ru5P + CO, <+ NADPH) 
+ B — > P + Q (Q — > 0)
ENZYME MODEL: EM025 Dead-end competitive inhibition 
Kinetic constants Reference Source
VI - 0.014 
KA - 0.029 
KB - 0.032 
KIP - 0.03
Thomas, 1979 
Thomas, 1979
Dictyostelium
Dictyostelium
Reaction 4: Rlhose 5-phosphete Isoswrase
reaction: R5P <"> Ru5P
A <— > P
ENZYME MODEL; EM005 Uni-Uni
Kinetic constants Reference Source
VI - 0.08
V2 =0.08
KA -2.5 Barman, 1969 Candida
KEQ = 0.35 Thomas, 1979 Dictyostelium
* Michaelis constant for reactant A
‘ Equilibrium constant for reaction as written 
’ Michaelis constant for reactant B
* Inhibition constant for product P
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Table 2, continued
Rmmctiom 5: Klbulea* 5-ph*#ph*t# #pim*rw*
reaction: RuSP <— > XuSP
A <— > P
ENZYME MODEL: EM005 Oni-Unl
Kinetic constants Reference Source
VI = 0.09 
V2 - 0.06
KA « 2.4 Kieiy et al, 1973 Saccharomyces
KEQ - 1.25 Thomas, 1979 Dletyostelium
Reaetion <: Traaeketolaa*
reaction: XuSP + R5P <— > G3P + S7P
A + B <— > P + 0
ENZYME MODEL: EM021 Ping-Pong Bi-Bi
Kinetic constants Reference Source
VI - 1.80
V2 = 0.50
KA - 0.21 Datta and Racker "yeast"
KB - 0.40 " " " "
KP - 0.20 " " "
KQ - 0.17 " " " "
KEQ - 1.2 Barman, 1969 "
KIA - 1.0 estimated
KIQ* - 1.0 estimated
Réaction 7: Tranekatolaaa
reaction: XuSP + E4P <--> G3P + F6P
A + B <— > P + Q
ENZYME MODEL : EM021 Ping-Pong Bi-Bi
Kinetic constants Reference Source
VI - 1.5
V2 -0.4
KA - 0.21 Datta and Racker Saccharomyces
KB - 0.04 " "
KP - 0.40 "
KQ - 1.8 " "
KEQ - 11.9 "
KIA - 1.0 estimated
KIQ = 1.0 estimated
Reaction 8: Irloea Pboephate lecaaraae
reaction: G3P <— > DHAP 
A <— > B
ENZYME MODEL: EM005 Uni-Uni
Kinetic constants Reference Source
Saccharomyces
VI - 1.0
V2 - 1.0
KA - 1.27 Krietsch et al
inhibition constant for product Q
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Table 2, continued
BMCtlon 9: Tr*a#*ldol#m#
reaction; S7P + G3P <— > E4P + F6P
A + B <— > P + Q
ENZYME MODEL: EM021 Ping-Pong Bi-Bi
Kinetic constants Reference Source
VI - 2.5
V2 -0.5
KA - 0.1 Horecker t Smyrniotis Saccharomyces
KB - 0.22
KP - 0.02 Tsolas and Joris
KEQ - 2.0
KIA - 1.0 estimated
KIQ - 1.0 estimated
SMctioB 10: 6CP efflux ■eehenlw
reaction : G6P -- > External Pool
ENZYME MODEL: EMOOl Unimolecular mass action 
Kinetic constants 
VI - 1.0
Reeetion 11: JULdeleee
reactants: G3P + DHAP — > F16P 
A + B — > P
ENZYME MODEL: EMOll Bi-Uni
Kinetic constants Reference Source
VI - 0.2
KA - 0.2 Barman, 1969 "yeast"
KB - 0.2 Barman, 1969 "yeast"
Réaction 12: Rrueteee 1,6-dlphoepliatase
reactants; F16P <— > F6P
A <— > P
ENZYME MODEL; EM003 Uni-Uni, P -> 0
Kinetic constants Reference Source
VI - 0.008
KA - 0.06 Bauman and Wright Dictyostelium
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Adjustments to the input file were made by reasoned trial and error; 
calculations of the expected V, values were made so that model reaction 
rates (V) were consistent with reaction rates determined in vivo and 
small adjustments were made after initial test simulations.
When the model was determined to have made a reasonable 
approximation of the data obtained under normal conditions, the model 
was then perturbed by adding a flux into the G6P pool, increasing its 
concentration beyond the amount of increase found during differentiation 
in vivo. This flux does not strictly correspond to the flux from 
glucose to glucose 6-phosphate, because other reactions of glucose 6- 
phosphate are not included in the model, and these would also affect the 
rate of flux from glucose to G6P.
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Chapter 3
RESULTS
Metabolite Assays
Concentrations of four intermediates of the pentose phosphate 
cycle were obtained for the two incubation conditions (with or without 
added glucose). Other concentration data for the unperturbed system 
were taken from Thomas (Thomas, 1979). These data were used to develop 
a model that represents the average pentose phosphate activity for the 
whole "organism" over the course of differentiation.
It was determined that the G6P and the F6P concentrations increase 
and then decrease over the course of differentiation. The other 
intermediates that were measured showed a slight increase and decrease 
over the same time span. These data are shown in Table 3.
The data show that there was a significant response by the G6P and 
F6P pools to the addition of glucose. These pools showed a two to six 
fold increase in concentration when 50 mM glucose was added to the 
incubation medium. The amount of perturbation was dependent on the
stage of differentiation; the effect of perturbation increased as the 
cell approached culmination and decreased as the sorocarp matured. G6P 
and F6P maintained a constant ratio of 4.2 independent of their actual 
concentrations. 6PG and E4P did not vary in a predictable way over the 
course of differentiation.
Simulation of Data by Model
The model was manipulated in successive simulations until a 
reasonable approximation of the data was obtained. A comparison of the 
model output and data is shown in Table 4.
26
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The numbers for model output were taken from the computer print out of 
time and concentration at times approximating those for the stage of 
interest. It is recognized that the stage occurs over a period of time, 
not at the precise minute indicated by the data choice.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 3
CONCENTRAT I 0N“* OF METABOLITES IN VJVÔ ^
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Experiment G6P" F6P 6PG E4P
(STAGE)
1 NO.lSmM 0.035mM 0.036roM
(PRECULM) P 0.23mM O.OSlmM 0.056mM
2 N 0.149mM 0.036roM 0.003mM O.OlSmM
(PRECULM) P 0.400mM 0.099mM 0.007mM 0.020mM
3 N 0.022mM 0.006mM 0.006mM 0.023mM
(CULM) P 0.135mM 0.037mM 0.OOBmM 0.027mM
4 N 0.058raM 0,014mM 0.028mM
(CULM) P 0.347mM 0.089mM 0.030mM
5 N 0.163mM 0.034mM O.OlSmM O.OOSmM
(CULM) P 0.653mM 0.149mM 0.018mM 0.009mM
6 N 0.088mM 0.OlOmM O.OlOmM
(CULM) P 0.432mM 0.036mM 0.014mM
7 N 0.037mM 0. 006itiM 0.007mM O.OllmM
(CULM) P 0.215mM 0.034roM 0.009mM 0.012mM
8 N 0.027mM 0.007mM 0.0l2mM
(soROcmr) P 0.071mM 0.009mM O.OlSmM
9 N 0.014mM 0.OOlmM O.OOSmM O.OlOmM
(SOROCAit?) P O.OSOmM 0.002mM 0.024mM O.OllmM
10 concentration given in ndllimolar per packed cell volume
“ Concentrations given in millimolar (mM) corrected to paced cell 
volume at aggregation.
“ N= normal conditions, P* perturbed conditions
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COMPARISON OF ASSAY DATA AND MODEL OUTPUT
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METABOLITE STAGE EXPERIMENTAL CONC” TIME MODEL CONG
G6P 0.088 mM 0 min 0.008 mM
ps«u4opl ASfsodlun 0.133 mM 300 min 0.141 mM
culminât Ion 0.216 mM 600 min 0.211 mM
sorocacp 0.117 mM 900 min 0.062 mM
F6P açpMgàtlon 0.030 mM 0 min 0.034 mM
p««udopl 49mod lum 0.042 mM 300 min 0.053 mM
culmination 0.071 mM 600 min 0.079 mM
soroeacp 0.037 mM 900 min 0.024 mM
F16P nggrmgatlon 0.065 mM 0 min 0.065 mM
pMudopl aamodlum 0.048 mM 300 min 0.047 mM
culmination 0.050 mM 600 min 0.047 mM
socoeaap 0.024 mM 900 min 0.046 mM
6PG aggrmgmtlon 0.006 mM 0 min 0.006 mM
pamudoplaamodium 0.013 mM 300 min 0.018 mM
culmination 0.018 mM 600 min 0.019 mM
aorocafp 0.010 mM 900 min 0.015 mM
Ru5P aggregation 0.011 mM 0 min 0.011 mM
paoudoplaamodlum 0.016 mM 300 min 0.021 mM
culmination 0.024 mM 600 min 0.025 mM
aorocaxp 0.013 mM 900 min 0.016 mM
R5P aggregation 0.012 mM 0 min 0.012 mM
paeudoplaamodium 0.018 mM 300 min 0.023 mM
culmination 0.026 mM 600 min 0.026 mM
aoroeat^ 0.017 mM 900 min 0.019 mM
Xu5P aggregation 0.006 mM 0 min 0.008 mM
paeudoplaamodluia 0.012 mM 300 min 0.009 mM
culminât ion 0.014 mM 600 min 0.012 mM
aorocarp 0.008 mM 900 min 0.005 mM
“ concentration given in millimolar, corrected to packed cell 
volume
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Comparison of Model Perturbation and in vivo Perturbation
The model was perturbed by increasing the flux into G6P until the 
concentration of G6P matched that found in vivo under perturbed 
conditions. This flux corresponds only in a general way to the flux 
that would be found in vivo, since the model exists in isolation from 
other pathways, which is , of course, not the case for the pentose 
phosphate cycle in vivo. The in vivo concentration of G6P is regulated 
by other enzymatic reactions in addition to those involved in the 
pentose cycle, and the true complexity of this interaction is not 
reflected in the model. Table 5 shows a comparison of the perturbed 
model and the data, and Table 6 is a display of the fold concentration 
increase with perturbation, comparing experimental data and the model.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 5
MODEL OUTPUT COMPARED WITH EXPERIMENTAL DATA; PERTURBED
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Metabolite Time Concent ration^
Model Data
G6P 0 min 
300 min 
600 min 
900 min
O.OSSmM
0.210mM
0.607mM
0.026mM
0.23 mM 
0.653mM 
O.OllmM
F6P 0 min 
300 min 
600 min 
900 min
0.034mM
0.078mM
0.225mM
0.025mM
O.OSlmM
0.149mM
O.OOSmM
E4P 0 min 
300 min 
600 min 
900 min
0.003mM
O.OOSmM
O.OOSmM
O.OOSmM
O.OllmM
0.022mM
O.OlSmM
6PG 0 min 
300 min 
600 min 
900 min
O.OOSmM 
O.OlSmM 
0.020mM 
O.OlSmM
0.032mM
0.014mM
0.024mM
14 Concentration expressed in millimolar per packed cell volume
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Table 6
CONCENTRATION INCREASE UNDER PERTURBED CONDITIONS15
Metabolite model data
G6P 1.5 2.1
2.8 4.8
2.4 3.0
F6P 1.5 2.2
2.8 4.9
1.0 1.4
E4P 1.0 1.4
1.1 1.1
1.0 1.1
6PG 1.0 1.9
1.1 1.3
1.1 3.3
15 Represented as the fold increase over the unperturbed state
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 4
DISCUSSION
Model Construction
The pentose phosphate model was developed in such a way as to be 
compatible with the carbohydrate model of Wright. This meant that the 
sizes of the reactant pools common to both models and the over all 
fluxes into and out of each model had to be consistent. The computer 
output for the final version of the pentose phosphate model, both normal 
and perturbed will be found in the appendix.
A summary of the non-oxidative reactions of the pentose phosphate 
cycle is shown in Figure 6, which indicates that there is a net 
production of F6P and G3P by this pathway. Since carbohydrate is 
conserved, and since almost half of the original carbohydrate present is 
in the form of ribose units in RNA, it is likely that one of the 
functions of the pentose phosphate pathway in this organism is to act as 
a retrieval pathway for ribose units during differentiation. The net 
flux over the course of differentiation is in the direction of G6P 
formation from the ribose sugars, via the non-oxidative branch.
Every two glyceraldehyde phosphates can be converted to F6P via 
triose phosphate isomerase, aldolase and fructose 1,6-diphosphatase. 
When the amount of converted ribose units is compared to the amount of 
G6P formed, it becomes clear that it is necessary to convert triose 
units into hexose units (otherwise there will be an excess of triose 
sugars).
33
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Figura 6
SUMMARY OF NON-OXIDATIVE REACTIONS
Xu5P + R5P <— > G3P + S7P
Xu5P + E4P <— > G3P + F6P
S7P + G3P <— > E4P + F6P
(2)Xu5P + (1) R5P < -> (2) F6P + (1) G3P
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Concentration Data
The data collected in this study, and the data used from other 
sources show variation in the absolute concentrations determined for the 
pentose phosphate intermediates. This variation may be the result of 
disparities in cell synchrony and in the precision of timing of 
differentiation, which does not always take exactly 24 hours. It may 
also depend on the metabolic condition of the cells when harvested from 
the nutrient agar— preparations may differ in the amount of endogenous 
reserves they have in store. This difference would alter the total 
amount of material available for consumption during differentiation. It 
was noted that the ratio of G6P to F6P rather than the absolute 
concentrations remained relatively constant. The ratio of G6P to F6P 
is conserved, even when there are notable differences in the total 
amounts of the two compounds between preparations.
The concentration of G6P is directly affected by the increase in 
the concentration of glucose. The concentration of F6P increases in a 
parallel fashion through the activity of PGI (phosphoglucose isomerase). 
The concentrations of the other intermediates also increase, but not as 
much: this is a result of the buffering action of the entire system. 
RNA is continuously broken down, maintaining a constant input into the 
R5P pool, which continues to drive the reaction in the direction of G6P 
formation.
One representative substrate was chosen from each of the two main 
branches (E4P and 6PG; see Figure 5), with the idea that overall 
regulation of the pathway could thus be illustrated.
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Comparison of Data and Model
The flux of material into the system is modelled in a simple way, 
using a table of flux inputs. The table has as input the total amount 
of material from various sources which, in vivo enter the G6P pool. The 
flux of material out of the G6P pool towards end products is modelled 
with a simple enzymatic reaction, that mimics the overall movement of 
materials without taking into account its true complexity. Since these 
reactions are effectively unidirectional, and their rates dependent on 
the G6P pool concentration, it is actually a fairly realistic 
representation of events.
The coiqputer simulation of pentose phosphate metabolism, under
both normal and perturbed conditions compares fairly well to the data 
obtained in vivo. It is not reasonable to expect a perfect fit for all
substrate concentrations, since the model can never truly reflect the
complexities existing in vivo. The present model does not take into 
account compartmentalization: this will be an important factor in
attaining closer approximations to the situation in vivo. Future 
experiments should include separation of spore and stalk cells, and
concentration data for more of the intermediates. Since this model is a 
first approximation and includes enzyme data from systems other than 
Dictyostelium, it will have to be amended as new data for Dictyostelium 
become available.
The study of differentiation in this organism has been approached 
from a number of different standpoints. This study is based on the 
premise that differentiation can be defined on a metabolic basis; when 
a cell begins to produce new or different end products, it is undergoing 
differentiation. The process of differentiation in this case depends on 
the existing conditions of the cells prior to differentiation, the
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change in conditions that initiate the differentiation process, the 
concentration and compartmentalization of substrates, the rate of enzyme 
synthesis and degradation, the presence and concentration of enzyme 
activators and inhibitors and so on. The way in which one defines 
differentiation determines the way that one looks for the critical 
variables or controlling factors in differentiation. In one sense, one 
could say that differentiation in Dictyostelium occurs as a result of 
the depletion of the food source. At the metabolic level, the rate and 
course of differentiation in Dictyostelium is largely determined by 
substrate concentration. An understanding of differentiation in this 
organism therefore demands an investigation into the metabolic pathways, 
enzymes, substrates, reaction rates and so on, necessitating a computer 
generated modelling system to organize and comprehend the data. This 
study has contributed to the understanding of differentiation in this 
organism by laying the groundwork for the incorporation of the pentose 
phosphate pathway into the larger, more complex model of carbohydrate 
metabolism during differentiation (see Figure 7).
The importance of the pentose phosphate pathway in Dictyostelium 
is twofold; it provides NADPH necessary for other synthetic pathways and 
it also catalyses the conversion of ribose units, formed from the
breakdown of RNA, into hexose units required for the synthesis of
cellulose and trehalose. The presence and activity of this pathway has 
been established for Dictyostelium discoideum (Thomas, 1979, Wright et 
al 1968). This pathway therefore plays an essential role in the
regulation of carbohydrate metabolism during differentiation in 
Dictyostelium and further investigation into the pentose phosphate
pathway will be valuable.
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Figure 7
CURRENT CARBOHYDRATE MODEL WITH PENTOSE PATHWAY ADDED
V
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Appendix A
COMPUTER OUTPUT, UNPERTURBED SYSTEM
M E T A S I M 
BOSTON BIOMEDICAL RESEARCH INSTITUTE
CASE 030084+100.0 +900,0 J.SULLIVAN
CONTL +1.0 +15000.0 +1.0
RNAME GAP GLUCOSE 6-PHOSPHATE
RNAME F6P FRUCTOSE 6-PHOSPHATE
RNAME F16P FRUCTOSE 1,6 DI-PHOSPHATE
RNAME 6PG 6-PHOSPHOOLUCONATE
RNAME RUSP RIBULOSE 5-PHOSPHATE
RNAME R5P RIBOSE 5-PHOSPHATE
RNAME XU5P XYLULOSE 5-PHOSPHATE
RNAME S7P SEDOHEPULOSE 7-PHOSPHATE
RNAME G3P GLYCERALDEHYDE 3-PHOSPHATE
RNAME E4P ERYTHROSE 4-PHOSPHATE
RNAME NADP TNICOTINAMIDE DINUCLEOTIDE PHOSPHATE (OXIDIZED)
RNAME NADPHTNICOTINAMIDE OINUCLEOTIDE PHOSPHATE (REDUCED)
PHOSPHATE 
< PP PRODUCTS
RNAME DHAP DIHYDROXYACET(
RNAME EXT EXTERNAL SINK
RCONC G6P +0.088
RCONC F6P +0.034
RCONC F16P +0.065
RCONC APG +0.006
RCONC RU5P +0.011
RCONC XII5P +0.006
RCONC R5P +0.012
RCONC S7P +0,001
RCONC G3P +0.001
RCONC DHAP +0.001
RCONC E4P +0.001
RTIME NADP 1 CONST+0. 025
RTIME NADPHl CONST+0.030
RFLUX R5P 1+TABLETABOl
RFLUX G6P 1+TABLETABOI
ENAMÊ RXO01PHQSPH0GLÜC0SE ISOMERASE
ESUBS RXOOIGAP
EPROD RX001F6P
EMODL RX001EM005+1.0 +1.0 +0.14 +0.36
ENAME RX002G6P DEHYDROGENASE
ESUBS RX002G6P NADP
EPROD RX0026PG
EFECT RX002NADPH
EMODL RX002EM025+0.010 +0.042 +0.054 +0.10
ENAME RX0036PG DEHYDROGENASE
ESUBS RX0036PG NADP
EPROD RX003RU5P
EFECT RX003NADPH
EMODL RX003EM025+0.025 +0.029 +0.032 +0.01
ENAME RX004R5P ISOMERASE 
ESUBS RX004R5P 
EPROD RX004RU5P
EMODL RX004EM005+3.2 +2.5 +2.5 +1.25
ENAME RX005RUSP EPIMERASE 
ESUBS RX005RU5P 
EPROD RX00SXU5P
EMODL RX005EM005+3.0 +1.0 +2.4 +0.80
ENAME RX006XU5P TRANSKETOLASE 
ESUBS RX006XU5P R5P
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1.111 (Ml 11 U, AL LLLI.mMII lii.lllDll
EPROD RX006G3P S7P
EMODL RX006EM021+2.0 ♦ 2.0 ♦0
EPARM RX0061 ♦0.17 ♦ 1.2 ♦ 1
ENAME RX007F6P TRANSKETOLASE
ESUBS RX007XU5P E4P
EPROD RX007G3P P6P
EMODL RX007EM021^2.0 ♦2.0 ♦0
EPARM RX0071 ♦1.80 ♦ 11.9 + 1
ENAME RX008TRI0SE PHOSPHATE ISOMERASE
ESUBS RX00863P
EPROD RX0080HAP
EMODL RX008EM005^2.00 ♦2.0 ♦ 1
ENAME RX009F6P TRANSALDOLASE
ESUBS RX009S7P Q3P
EPROD RX009E4P F6P
EMODL RX009EM021^1.0 ♦ 1.0 ♦0
EPARM RX0091 ♦0.8 ♦2.0 ♦ 1
ENAME RX010G6P REMOVALASE
ESUBS RX010G6P
EPROD RXOIOEXT
EMODL RXOlOEMOOl^l.0
ENAME RXOllALDOLASE
ESUBS RX011G3P DHAP
EPROD RXOllFlAP
EMODL RXOllEMOll^O.50 +0.2 ♦0
ENAME RX012FRUCT0SE 1,6 BI-PHOSPHATASE
ESUBS RX012FI6P
EPROD RX012F6P
EMODL RX012EM00340.0064 +0.06
TNAME TABOIRSP INPUT FLUX
TVALU TABOIO^O.O ♦0.014
TVALU TAB012^300.0 ♦0.02
TVALU TAB013^550.0 +0.024
TVALU TAB013^6S0.0 ♦0.014
TVALU TAB014^900.0 ♦0.01
THAME TAB06G6P PERTURBED
TVALU TAB060^000.0 +0.05
TVALU TAB061^30b".0 ♦0.20
TVALU TAB062^S00.0 +0.40
TVALU TAB063^600.0 ♦0.60
TVALU TAB064^900.0 ♦0.05
TNAME TAB07G6P NORMAL
TVALU TAB070^000.0 +0.08
TVALU TAB071+300.0 +0.13
TVALU TAB072^500.0 ♦0.170
TVALU TAB073^600.0 +0.200
TVALU TAB074^900.0 ♦0.050
RUN
♦0.40 
♦ 1.00
♦0.04
♦1.80
♦ 167
♦0.22
♦0.4
♦0.20
♦0.40
♦0.020
J.SULLIVAN
M E T A S I H 
BOSTON BIOMEDICAL RESEARCH INSTITUTE
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rN7YME9 rMrijJDrri in fruik t h
I RY001 r HOSFHOGLUCOSE ISdMERAGE
durifîrn, «irF a gap f-f̂ oduct f- r-.',r
ENZYME MODEI EM003 IS UNI UNIVIV2
I. A
I.OAAE+00 
1.OOOEfOO I.1AAE 0 1
t.EfI 3 .A 0 0 F  01
■* nvoor GAP PEMYPROGENGSE
"IIPSTRAIE A GAP FRGIiUCT F 6FG EFFECTOR 1 NAI'FH
SUPSTFArp P NAPF'
rw' ,'F M"!'' I rHor'T; rs ni'Ari rur c n M m i r  inh.pi b i . f .q - a 
") o :'.
KA = T.200E-0.T
KP - S.TOOE-Or
Kl - l.OOOE 01
I A t i.pp riEH YPR G C FM AG E
SUBSTRATE A 4F G '̂F ROPUCT R RUM RF FECTCIR I NAPF I t
SUBSTRATE B NADP
ENZYME MOPEL EM025 IS DEAD ENP COMPETIT INH.BI BI. F ,0- 0 VI 2.100E-orKA - 2.900F 0?
KFi 3.200E 02
KI =.- l.OOOE-02
■ 4 RX004 RSP ISOMERASE
SUBSTRATE A RSP FROPUCT P Ft IGF
ENZYME MODEL EM005 IS UNI UNI
VI = 3.200E+00
V2 2.500E+00
KA - 2.G00EF00
KEO  ̂ 1 .250E+00
5 RX005 RU5P EPIMERASE
SUBSTRATE A RU5P PRODUCT P XUSP
rUZYMF MOBEL EM005 IS UNI UNI
VI - 3.000E+00
V2  ̂ l.OOOE+OO
KA  ̂ 2.400E+00
KEO - B.OOOE-Ol
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é RXOOé <U' |- IliANSh.l. lO L . ' ib t
substrate: a xusp PRonucr r ci3F-
SUBSTRATE B R3P PRODUCT 0 S TE-
ENZYME MODEL EM021 IS PING PONG BI BI
VI 2.OOOEFOO
V2 - 2.000ET00
KA 2.tOOE 01
KB ^ 1.000E-01
KP - 2.000E-01
KO - 1.700E 01
r.pn I.200E100
KTA I.OOOEICO
KTQ I.OOOEtOA
EAR TRANSKETOLASE
SUBSTRATE A XIJ5P PRODUCT P GJP
SUBSTRATE B ETP PRODUCT 0 T6P
EN7VME MO DEI. EMO21 IS PING
VI - 2.0OOETO0
V2 - 2.000ETOO
KA ^ 2.lOOE-Oi
KP ■1 .OOOE 02
l-.P ■ l.OOOE 01
KO 1.0OOEIOO
KEO - 1.190E+01
KIA - 1.OOOE+OO
KIQ = 1.900E+00
8 RX008 TRTOSF PHOSPHATE ISOMERASE 
SUBSTRATE A 03P PRODUC r r- DHAP
.ENZYME MODEL EM005 IS UNI UNI 
VI 2.000E+00
V2 - 2.0O0ET0O
KA 1.270E+00
KEO % 1.670E-01
9 RX009 F6P TRANSALDOLASE
SUBSTRATE A S?P PRODUCT P E4F
SUBSTRATE B G3F PRODUCT 0 TAP
ENZYME MODEL EM021 IS PING PONG PI PI
VI
V2KA
KP
KP
KQ
KEO
KIAKTO
t .OOOE-TOO 
l.OOOETOO 
1,000E -01 
2.200E 01 
2.000E 02 
8.000E-01 
2.0OOE-T00 
1.OOOE+00 
T.OOOE-01
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10 RXOlO G6P kEMUVALAüE.
SUBSTRATE A G6P PROPUCT P EXT
EM7YMF MODEL EM0A1 TS lINIMOLECULAr MASS AC I IONKN },000E10(f" "
11 PXOll ALDOLASE
SUBSTRATE A G3P PRODUCT r FliP
SUBSTRATE B DHAP
ENZYME MODEL EMO I 1 IS ORDERED BI UNI WtIM KK.Q - - INF 
VI - S.OOOE 01
KA - 2.000E-01
KB - 2.000E-01
1? PY012 FRUCTOSE 1,6 BI PHOSPHATASE
SUBSTRATE A F16P PRODUCT P F6P
ENZYME MODEL EM003 IS UNI UNI WITH P -- > 0
VI = 6.400E-03
KA - A. OOOE-02
I M E T A 5 I M
t.L'in. IVAN BOSTON BIOMEDICAL RESEARCH INSTITUTE
TABI FF USED IN PROBLEM ^
1 liBdJ RSP INPUT FLUX
TIME VALUE J 7 ,4^1
_ 0_ \  o.qoo_i.400E-02
2 TAB06 G6P PERTURBED %
V. '*^llMÉÉÛPt.A V PTIME . VALUE
o ’* 0.000 S.OOOE-021 300.000 2.OOOE-01
■2 500.000 4.OOOE-01
3 600.000 6.OOOE 01
4 900.000 5.OOOE -02
TAB07 G6P NORMAL
TIME VALUE
0 0.000 e.OOOE-02
1 300.000 1.300E-01
300.000 1.700E-01
3 600.000 2.000E-01
4 900.000 S.OOOE-02
J.SULLIVAN
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CD■DOQ.
C
gQ.
■DCD
C/)C/)
CDQ.
■DCD
C/)C/)
"ACTANTS INCLUDED IN PROBLEM
o 1 R6P niUCOSE 6-PHOSPHATE INITIAI CONCENTRATIUN O.OOOE 0 7
A M i c n ri MX 1 + TABLE TAB07 0.OOOE+OO 0.OOOE+OO 0.OOOE + OO 0.OOOE too
-h 1^»» <•
CD
■> TAF r P U C T O S E  6-PHOSPHATF INITIAL CONCENTRATTAM 7.4OAF 07
8 < r 1M rniirTOSF i.A M  phosphate INITIAI CONCENTRATION A. 500P O'’
ci- ' AT G A PHOSPHOBl-UCONATE INITIAL CONCENTRATION A.OOOE 03
o
" ni^F- FTPIILOSE 5-PHOSPHATE INITIAL CONCENTRATION ' 1.lOOE 07
g3 FT.r FT HOSE riinSE'HATF INITIAL CONCFNTLATIMN 1 ■ :’00r 07
CD AHFirri n  IIX 1 1 TABLE TAPOl 0.OOOEtoo 0.OOOELOO 0.OOOEtoo O.OOOF(00
"nc ’ XU5F XYIIILOSE 5-PHOSPHATE INITIAL CONCENTRATION ^ 6.OOOE 03
3.3"CD I n 'F OriinHEFOLORE 7 PHOSPHATE INITIAL CONCENTRATION 1 .OOOE 03
CD > P:ir OI YC EPAI riEHYPE 3 PHOSPHATE INITIAI CONCENTRATION - 1.OOOE 03
OQ. •) E4P ERYTHROSE A PHOSPHATE INITIAL CONCENTRATION - 1.OOOF-03C
a 1 Pimp riTHYIiEOXYAEETONE PHOSPHATE INITIAL CONCENTRATION - t.OOOE-03
o3 • rxT FXTEF<NAL SINK FOR PP PRODUCTS INITIAL CONCENTRATION - 0,OOOE+00
O ') NAriFM NICOTINAMIDE DINUCLEOTIDE PHOSPHATE (REDUCED) STRICTLY TIME FUNCTION
TIME FUNCTION 1 CONST 3.000E-02 0.OOOE+OO 0.OOOE+OO 0.OOOE+OO 0.OOOE+OO
1—H 4 r •
 ̂NADP NICOTINAMIDE DINUCLEOTIDE PHOSPHATE (OXIDIZED)
TIME FUNCTION 1 CONST 2.500E02 0 * O O O E T O O  0 , OOOE+OO
.r 1
K V Ç
STRICTLY TIME FUNCriON 
0.OOOE+OO 0•OOOE+OO
M E T A S I M  ' .
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Appendix B
COMPUTER OUTPUT, PERTURBED SYSTEM
ME r A s I rt
BOSTON BIOMEDICAL RESEARCH INSTITUTE
CASE 0300864100.0 +900.0 J.SULLIVAN
CONTL +1.0 +15000.0 +1.0
RNAME G6P GLUCOSE 6-PHOSPHATE
RNAME F6P FRUCTOSE 6-PHOSPHATE
RNAME F16P FRUCTOSE 1,6 DI-PHOSPHATE
RNAME 6PG 6-PHOSPMOOLUCONATE
RNAME RUSP RIBULOSE 5-PHOSPHATE
RNAME RSP RIBOSE 5-PHOSPHATE
RNAME XU5P XYLULOSE 5-PHOSPHATE
RNAME S7P SEDOHEPULOSE 7-PHOSPHATE
RNAME G3P GLYCERALDEHYDE 3-PHOSPHATE
RNAME E4P ERYTHROSE 4-PHOSPHATE
RNAME NADP TNICOTINAMIDE DINUCLEOTIDE PHOSPHATE (OXIDIZED)
RNAME NADPHTNICOTINAMIDE DINUCLEOTIDE PHOSPHATE (REDUCED)
RNAME DHAP DIHVDROXYACETONE PHOSPHATE
RNAME EXT EXTERNAL SINK FOR PP PRODUCTS
RCONC G6P +0.088
RCONC F6P +0.034
RCONC F16P +0.065
RCONC 6PG to.006
RCONC RUSP to,Oil
RCONC XUSP to.006
RCONC RSP to.012
RCONC S7P to.001
RCONC G3P to.001
RCONC DHAP +0.001
RCONC E4P +0.001
RTIME NADP 1 CONST»0.025
RTIME NADPHl CONST+0.030
RFLUX RSP 1+TABLETABOl
RFLUX G6P 1+TABLETAB06
ENAME RXOOIPHOSPHOGLUCOSE ISOMERASE
ESUBS RX00166P
EPROD RX001F6P
EMODL RX001EM005+1.0 +1.0 +0.14 +0.36
ENAME RX002S6P DEHYDROGENASE
ESUBS RX00266P NADP
EPROD RX0026PG
EFECT RXOO2NA0PH
EMODL RX002EM025+0.010 +0.042 +0.054 +0.10
ENAME RX0036PG DEHYDROGENASE
ESUBS RX0036PG NADP
EPROD RX003RU5P
EFECT RX003NADPH
EMODL RX003EM025+0.025 +0.029 +0.032 +0.01
ENAME RX004R5P ISOMERASE 
ESUBS RX004R5P 
EPROD RX004RUSP
EMODL RX004EMOOS+3.2 +2.5 +2.5 +1.25
ENAME RX005RU5P EPIMERASE 
ESUBS RX005RUSP 
EPROD RX005XU5P
EMODL RX005EM005+3.0 +1.0 +2.4 +0.80
ENAME RX006XU5P TRANSKETOLASE 
ESUBS RX006XU5P R5P
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EPROD RX006G3P S7P
EMODL RX004EM021+2.0 +2.0 +0
EPARM RX0061 +0.17 + 1.2 + 1
ENAME RX007F6P TRANSKETOLASE
ESUBS RX007XU5P E4P
EPROD RX007G3P F6P
EMODL RX007EM021+2.0 +2.0 +0
EPARM RX0071 +1.80 + 11.9 +1
ENAME RX008TRI0SE PHOSPHATE ISOMERASE
ESUBS RX008G3P
EPROD RX0080HAP
EMODL RX008EMOOS+2.00 +2.0 +1
ENAME RX009F6P TRANSALDOLASE
ESUBS RX009S7P G3P
EPROD RX009E4P F6P
EMODL RX009EM021+1.0 + 1.0 + 0
EPARM RX0091 +0.8 + 2.0 + 1
ENAME RX010G6P REMDVALASE
ESUBS RX010G6P
EPROD RXOIOEXT
EMODL RXOlOEMOOl + 1 .0
ENAME RXOllALDOLASE
ESUBS RX011G3P DHAP
EPROD RX011F16P
EMODL RXOllEMOll+0.50 + 0.2 +0
ENAME RX012FRUCT0SE 1,6 BI-PHOSPHATASE
ESUBS RX012F16P
EPROD RX012F6P
EMODL RX012EM003+0.0064 +0.06
TNAME TABOIRSP INPUT 1FLUX
TVALU TABOlO+0,0 +0.014
TVALU TAB012+300.0 +0.02
TVALU TABO13+5SO.0 +0.024
TVALU TABOl3+650.0 +0.014
TVALU TAB014+900.0 +0.01
TNAME TAB06G6P PERTURBED
TVALU TAB060+000.0 + 0.05
TVALU TAB061+300‘.0 +0.20
TVALU TAB062+500.0 +0.40
TVALU TAB063+600.0 + 0.60
TVALU TAB064+900.0 +0.05
TNAME TAB07G6P NORMAL
TVALU TAB070+000.0 +0.08
TVALU TAB071+300.0 +0.13
TVALU TAB072+500.0 +0.170
TVALU TAB073+600.0 +0.200
TVALU TAB074+900.0 +0.050
RUN
+0.40 + 1.00
+0.04
+1.80
+167
+0.22
+0.4
+0,20
+0.40
+0.020
J.SULLIVAN
M E T A S I M  
BOSTON BIOMEDICAL RESEARCH INSTITUTE
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ENZYMES INCLUDED IN PROBLEM
1 RXOOt PH06PH06LUC08E ISOMERASE
SUBSTRATE A G6P PRODUCT P F6P
ENZYME MODEL EMOOS IS UNI UNI 
VI » 1,OOOE+OO
V2 <■ 1. OOOE+OO
KA • 1.400E-01
KEO - 3.600E-01
2 RX002 G6P DEHYDROGENASE
SUBSTRATE A G6P PRODUCT P 6P0 EFFECTOR 1 NADPH
SUBSTRATE B NADP
ENZYME MODEL EM025 IS DEAD-END COMPETIT INH.BI BI, P,0->0 
VI = l.OOOe-02 
KA = 4.200E-02
KB = 5.400E-02
KI = l.OOOE-01
3 RX003 6PG DEHYDROGENASE
SUBSTRATE A 6PG PRODUCT P RU5P EFFECTOR 1 NADPH
SUBSTRATE B NADP
ENZYME MODEL EN025 IS DEAD-END COMPETIT INH,BI BI, P,Q->0 
VI = 2.500E-02
KA = 2.900E-02
KB = 3.200E-02
KI = l.OOOE-02
4 RX004 RSP ISOMERASE
SUBSTRATE A RSP PRODUCT P RUSP
ENZYME MODEL EMOOS IS UNI UNI 
VI = 3.200E+00
V2 = 2.S00E+OO
KA - 2.500E+00
KEO = 1.250E+00
■5 RX005 RUSP EPIMERASE
SUBSTRATE A RUSP PRODUCT P XUSP
ENZYME MODEL EMOOS IS UNI UNI 
VI = 3.OOOE+OO
V2 » i.OOOE+OO 
KA = 2.400E+00
KEO = 8.000E-01
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KX006 XU'_P rh-ANaKETOLASE
SUBSTRATE A XU5P PRODUCT
SUBSTRATE B R5P PRODUCT
)EL EM021 IS PINO PONG BI BI
VI = 2.OOOE+OO
V2 - 2.OOOE+OO
KA = 2.100E-01
KB = 4.000E-01
KP - 2.000E-01
KQ = 1.700E-01
KEO = I.200E+00
KIA = l.OOOE+00
KIQ = 1.OOOE+OO
P G3P 
0 87P
I,
7 RX007 F6P TRANSKETOLASE
SUBSTRATE A XUSP PRODUCT P 03P
SUBSTRATE B E4P PRODUCT 0 F6P
ENZYME MODEL EM021 IS PING PONG BI BI
VI
V2
KA
KB
KP
KQ
KEO
KIA
KIQ
2.OOOE+00 
2.OOOE+OO 
2.100E-01 
4.000E-02 
4.000E-01 
1.800E+00 
1.190E+01 
1.OOOE+OO 
i.SOOE+OO
8 RX008 TRIOSE PHOSPHATE ISOMERASE
SUBSTRATE A G3P PRODUCT
# !
i
ENZYME MODEL EMOOS IS UNI UNI 
VI = 2.OOOE+OO
V2 - 2.OOOE+OO
KA » 1.270E+00
KEO » 1.670E-01
9 RX009 F6P TRANSALDOLASE
SUBSTRATE A S7P PRODUCT P E4P
SUBSTRATE B C3P PRODUCT Q Féf
ENZYME MODEL EM021 IS PING PONG BI BI
VI
V2
KA
KB
KP
KQ
KEO
KIA
KIQ
1.OOOE+OO 
1.OOOE+OO 
1.OOOE-01 
2.200E-01 
2.000E-02 
8.000E-01 
2.OOOE+OO 
1.OOOE+OO 
4.000E-01
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10 RXOlO G6F' REMOVALASE
SUBSTRATE A G6R PRODUCT P EXT
ENZYME MODEL EMOOl IS UNIMOLECULAR MASS ACTION 
KN = 1.OOOE+OO
11 RXOll ALDOLASE
SUBSTRATE A 63P PRODUCT P F16P
SUBSTRATE B DHAP
ENZYME MODEL EMOll IS ORDERED BI UNI WITH KEQ ---> INF
VI - S.OOOE-01 
KA - 2.000E-01
KB - 2.000E-01
12 RX012 FRUCTOSE 1*6 BI-PHOSPHATASE
SUBSTRATE A F16P PRODUCT P F6P
ENZYME MODEL EM003 IS UNI UNI WITH P — > 0 
VI = 6.400E-03
KA = 6.000E-021 M E T A S I M
J.SULLIVAN BOSTON BIOMEDICAL RESEARCH INSTITUTE
FABLES USED IN PROBLEM
1 TABOl R5P INPUT FLUX
TIME VALUE
0 0.000 1.400E-02
2 TAB06 GAP PERTURBED
0I
3
4
TIME0.000
300.000
500.000
600.000 
900.000
VALUE 
5.000E-02 
2.000E-01 
4.000E-01 
6.000E-01 
5.OOOE-02
3 TAB07 GAP NORMAL
TIME0.000
300.000
500.000 
AOO.OOO
900.000
VALUE 
a.OOOE-02 
1.300E-01 
1.700E-01 
2.000E-01 
5.OOOE-02
J. SULLIVAN
M E T A S I M  
BOSTON BIO+CDICAL RESEARCH INSTITUTE
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REACTANTS INCLUDED IN PROBLEM
1 G6P
ADDED
GLUCOSE 6-PHOSPHATE
FLUX 1 4 TABLE TAB06 0.0O0E400 0.000E400
INITIAL CONCENTRATION = 
O.OOOE400 0.000E400
8.B00E-02
2 F6P FRUCTOSE 6-PHOSPHATE INITIAL CONCENTRATION = 3.400E-02
3 F16P FRUCTOSE 1.6 DI-PHOSPHATE INITIAL CONCENTRATION = 6.500E-02
4 6PG 6-PHQSPHOGLUCONATE INITIAL CONCENTRATION = 6.000E-03
5 RU5P RIBULOSE 5-PHOSPHATE INITIAL CONCENTRATION = 1 .lOOE-02
6 R5P
ADDED
RIBOSE 5-PHOSPHATE
FLUX 1 + TABLE TABOl O.OOOE+00 O.OOOE+00
INITIAL CONCENTRATION = 
O.OOOE+00 O.OOOE+OO
1.200E-02
7 XUSP XYLULOSE 5-PHOSPHATE INITIAL CONCENTRATION = 6.000E-03
8 s/p SEDOHEPULOSE 7-PHOSPHATE INITIAL CONCENTRATION - 1.OOOE-03
9 G3P GLYCERALDEHYDE 3-PHOSPHATE INITIAL CONCENTRATION - 1.OOOE-03
10 E4P ERYTHROSE 4-PHOSPHATE INITIAL CONCENTRATION = 1.OOOE-03
11 IiHAP DIHYDROXYACETONE PHOSPHATE INITIAL CONCENTRATION - 1.OOOE-03
12 EXT EXTERNAL SINK FOR PP PRODUCTS INITIAL CONCENTRATION = O.OOOE+00
39 MADPH
TIME
NICOTINAMIDE DINUCLEOTIDE PHOSPHATE (REDUCED) 
FUNCTION 1 CONST 3.000E-03 O.OOOE+00 O.OOOE+00 o.oooe+00
STRICTLY TIME FUNCTION 
O.OOOE400
40 NADP
TIME
NICOTINAMIDE DINUCLEOTIDE PHOSPHATE (OXIDIZED) 
FUNCTION 1 CONST 2.500E-02 0.0OOË40O O.OOOE+00
M E T A
O.OOOE+00
S I M
STRICTLY TIME FUNCTION 
O.OOOE+00
J.SULLIVAN BOSTON BIOMEDICAL RESEARCH INSTITUTE 5-Feb 07
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